Abstract: This paper describes a steering controller integrated with speed controller for autonomous path tracking using GPS and INS sensors. The steering controller for path tracking is developed based on the finite preview optimal control method. The steering control input is computed using the road information within preview distance. The speed controller determines the speed command necessary to maintain a lateral acceleration limit and improve vehicle safety. The vehicle model for simulation study is validated using vehicle test data. Finally, the controller is implemented on a by-wire vehicle, P1, to validate the performance of the steering controller integrated with speed controller.
INTRODUCTION
Intelligent Vehicle and Highway System (IVHS) technologies have attracted growing attention among researchers throughout the world in the past several years. Control algorithms for autonomous vehicles, including proper control of the steering input and speed commands for path-tracking and safe lateral vehicle behavior, are a critical component of IVHS (Peng, 1992 , Hesss et. al. 1990 .
In this paper, a steering controller for path-tracking and a speed controller for improving the safety of lateral vehicle behavior are investigated. The steering controller is developed based on the finite preview optimal control method. The steering input of the steering controller consists of a feedback control input using lateral position and yaw angle error as well as a feed-forward control input computed using the road information within the preview distance. The feed-forward preview control input can improve not only the tracking performance of the steering controller, but also the ride quality compared with the non-preview controller. (Kim et. al., 2007) The speed controller computes a speed command so that the lateral acceleration of the test vehicle does not exceed an arbitrary critical value in order to improve the safety of lateral vehicle behavior. A vehicle simulation that includes lateral vehicle dynamics, longitudinal vehicle dynamics, and actuator dynamics is used to develop the controllers. The controllers developed are then implemented on a steer-by-wire test vehicle, P1, and validated experimentally.
TEST PLATFORM
The steering controller integrated with speed controller has been developed for P1, a student built by-wire platform belonging to the Dynamic Design Lab at Stanford University, shown in Fig. 1 . This vehicle features throttle by wire and independent left and right steer-by-wire at the front wheels. P1's powerplant consists of two AC propulsion motors that provide independent left and right rear wheel drive as well as regenerative braking capability.
P1's sensor suite includes a three antenna GPS system and standard automotive grade INS sensors. Real-time state estimation is accomplished through sensor fusion via extended Kalman filters for heading, velocity, and position (Ryu et. al., 2004) . A GPS base station has been used to provide differential corrections for position measurements.
VEHICLE MODEL AND MODEL VALIDATION

Vehicle Model
The vehicle simulation was designed as an alternate mode for the SIMULINK software that normally runs in real-time on the test vehicle. It replaces hardware drivers with a vehicle model that creates "sensor" signals that are processed in the same manner as they would be in real time on the vehicle. This facilitated remote development of controller for the test platform by researchers at Seoul National University.
The simulation includes lateral, longitudinal, and steering actuator dynamics, as described below.
Lateral Dynamics: P1's lateral dynamics have been modelled using a four wheel planar model (Gadda et. al., 2007) , as shown in Fig. 2 
where l f and l r are the distances of the front and rear axles 
Using a small angle approximation, the tire slip angles are as given in the expressions below, where w t is the track width of the vehicle. Vehicle parameters are given in Table. 
Vehicle Model Validation Using Test Data
Validation of the vehicle model is accomplished by comparison of simulation predictions to P1 test data obtained using P1's GPS/INS sensor suite. The longitudinal velocity data is used as the reference input for a cruise controller that sends voltage commands to the traction system model. The mean of the left and right steering angles from the test data is used as the reference input for the steering system model. Fig.  3 shows a comparison of test data and simulation results. The simulation predictions agree closely with the test data, suggesting that the model is feasible as a test platform for development of the steering and speed controllers in the linear handling regime of the test vehicle (Ha et. al., 2003) 4. DEVELOPMENT OF THE STEERING CONTROLLER FOR PATH-TRACKING
Control Objective
Fig . 4 shows the driver-vehicle system. In Fig.4 , lateral position error (y r ) is defined as the lateral distance between the vehicle C.G (C) and the centerline of the desired path (R). Yaw angle error ( d ε ε − ) is defined using the yaw angle of the vehicle ( ε ) and the desired yaw angle as dictated by the desired path ( d ε ) (Kang et. al., 2006 (Kang et. al., , 2007 . 
,
where ρ denotes the curvature radius of the desired path.
We seek to eliminate lateral and yaw angle error through a combination of feedback and feed-forward control. The feedback control input of the steering controller for pathtracking is computed using lateral position error and yaw angle error. The feed-forward control input is computed using the road information within the preview distance. To develop the steering controller using finite preview control theory, preview distance is transformed into preview time (T p ) as in (8).
State Equation
A 2-DOF bicycle model is used to design the steering controller. Equation (9) 
where f C and r C denote the equivalent front and rear cornering stiffnesses. Substituting (10) into (9), the state equations can be obtained as in (11) (Peng et. al., 1990) , 
Steering Controller Using Finite Preview Optimal Control Theory
The steering control input( ( ) f t δ ) is computed to minimize the performance index given in (12) (Chen, 1988) .
The solution that minimizes the performance index is given by the well-known Euler Lagrange equation:
In order to obtain solutions for ( ) x t , ( ) t
is assumed to take the form shown in (17) (Burl, 1998) .
where ( ) H t is a feed-forward control. The differential form of (17) is shown below:
Substituting (17) into (18) and grouping terms, the following two equality conditions are obtained (Chen, 1988) (20) becomes (Chen, 1988) :
As a result, the steering control input is computed as in (23),
From (23), it is clear that the steering control input is computed using the road information between t and t+T p . Fig.  5 shows the block diagram for the steering controller. The desired steering angle which is computed by the steering controller is applied to the vehicle model and test vehicle using Ackermann steering geometry as in (24),
where fL δ and fR δ denote the left and right front steering angle, respectively, and L the wheelbase.
DEVELOPMENT OF THE SPEED CONTROLLER
The speed controller is designed to create safe lateral vehicle behavior by means of keeping the lateral acceleration below a critical value ( _ limit y a ) as follows,
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where cruise K denotes the cruise control proportional gain.
SIMULATION RESULTS
Simulations have been run with the steering controller active at constant speed and when the speed controller is integrated with the steering controller as shown below. The simulations use a map located at a parking lot at Stanford University. Fig. 7 compares the simulation results under the two test scenarios. In both scenarios, the vehicle tracks the map very closely, with the magnitude of lateral and yaw angle errors not exceeding 0.2 m and 1 deg, respectively.
The simulation results also show that the lateral acceleration of vehicle doesn't exceed _ limit y a during path tracking with the speed controller active. Also, the lateral acceleration is lower magnitude when compared to path tracking at the constant (set) speed. As a result, it is found that the safety of lateral vehicle behavior is improved with the speed controller active in conjunction with the steering controller.
EXPERIMENTAL RESULTS
Steering Controller at Constant Speed
The experimental results for path tracking at constant speed are presented in Fig.8 . The tests were performed with the same map used for simulation studies, and are compared to simulation results. In Figs.8 and 9 , the experimental steering angle is the mean of the left and right steering angles. The test results agree closely with the simulation results. The steering controller produces satisfactory tracking performance, with the magnitudes of lateral and yaw angle error below 0.25 m and 1.5 degrees, respectively. These errors are on the same order of magnitude as the errors predicted in simulation.
Steering Controller Integrated With Speed Controller
The test results for the integrated controllers are presented in Fig. 9 and compared with test results at a constant speed equivalent to the set speed for the speed controller: The "bulk" acceleration of the vehicle (neglecting high frequency variation due to vibration, wheel hop, etc.) is maintained below the lateral acceleration limit of 2 m/s 2 . As predicted in simulation, use of the speed controller in conjunction with the steering controller significantly reduces lateral acceleration when compared to path-tracking at the constant (set) speed.
CONCLUSIONS
A steering controller integrated with a speed controller for autonomous vehicle path tracking has been presented in this paper. The controllers were developed using a numerical simulation study and implemented on a by-wire test vehicle. From the simulation results and the test results, it is found that the steering controller using finite preview optimal control produces satisfactory path tracking performance. Furthermore, the safety of lateral vehicle behaviour is improved by combining the steering controller with a speed controller that maintains a lateral acceleration limit.
